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Sine-Gordon / massive Thirring duality

Anti-de Sitter / Conformal Field Theory duality
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Asymptotic states |p1,po, ... ,pn>in/0ut
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Maximal analyticity: all poles have physical origin — boundstates, anomalous
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Diagonal: | S-matrix = scalar | S(p1,p>) = S(61 — 6>) >< p = msinh 0
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Bootstrap program: sine-Gordon

Nondiagonal scattering:

Matrix:
global symmetry U, (sl>)
2d evaluation reps
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QFTs in finite volume crr_ Luscher

Finite volume spectrum
Infinite volume spectrum:
E(p1,.-.,pn) = > E(p;) p; € R

Polynomial volume corrections:
Bethe-Yang; p;, quantized. Diagonal
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QF Ts in finite volume crr_ Luscher Bethe-Yang

Finite volume spectrum
Infinite volume spectrum:
E(p1,.-.,pn) = > E(p;) p; € R

Polynomial volume corrections:
Bethe-Yang; p;, quantized. Diagonal
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Inhomogenous XXZ spin-chain spectral problem
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QFTs in finite volume

Finite volume spectrum
Infinite volume spectrum:

Polynomial volume corrections:
Bethe-Yang; p;, quantized. Diagonal

e?ilS(pj,p1)...S(pjypn) = -1 ; S(0) = -1

p;L + Yy 2109 S(pj,pr) = (2n + 1)ix

Non-diagonal, sine-Gordon

CFT  Luscher Bethe-Yang

1NN
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T T T T T T T T T T

— ;
L

LD
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Inhomogenous XXZ spin-chain spectral problem eiLSi”hejT(Qj)So(Qj) — — 1l
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CFT  Luscher Bethe-Yang

QFTs in finite volume _ Q

[

S—matrix

Finite volume spectrum n 2m
Infinite volume spectrum:

m N T
E(p1,...,pn) = >; E(p;) pi € R

0
Polynomial volume corrections: 1

Bethe-Yang; p;, quantized. Diagonal

ePitS(pj,p1) ... S(pjpn) =1 5 S(0)=-1  coeceesescesces e
p;L + Yy 2109 S(pj,pr) = (2n + 1)ix L

Non-diagonal, sine-Gordon

LD
e?i'S(pj,p1) ... S(pj,pn)¥ = —W  S(0) = —P -

Inhomogenous XXZ spin-chain spectral problem eiLSi”heﬂ'T(@j)So(Gj) — — 1
T(0)Q(0) = QO+ im)To(0 — F) + Q0 — im)To(0 + F) = QT TT~ + QT+

Q(0) = [T5sinh(A\(9 —ws)) Bethe Ansatz; L(Wa=DQWatim) _ To QT
To(0) = [, sinh(A(6 — 6;)) To(wa+5)Q(wa—in) TO+Q__

|a:—1




Thermodynamic Bethe Ansatz: diagonal

Ground-state energy exactly ©

[Zamolodchikov]
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Thermodynamic Bethe Ansatz:

Ground-state energy exactly ©
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CFT  Luscher

Bethe-Yang

E
2m

m

.

|

0

S—matrix




Thermodynamic Bethe Ansatz: diagonal

Ground-state energy exactly ©

[Zamolodchikov]
Euclidian partition function:

Z(L, R) =pR_soo Tr(e  HIIE)
Z(L,R) =Ry e FOLIR(1 4 e~ AER)

= f——

CFT  Luscher Bethe-Yang

E
2m

m

.

|

0

S—matrix




Thermodynamic Bethe Ansatz: diagonal

CFT  Luscher

Ground-state energy exactly ©

[Zamolodchikov] <

Euclidian partition function:

Z(L,R) =p_yo0 Tr(e HDIE)
Z(L,R) =p_ o e Eo(LIR(1 4 ¢~ AER) TE—H(L)R

= f——,

Exchange space and Euclidian time S

Z(L,R) =R-yoo Tr(e M) =p 57, e” PnlLIR

E

2m

m

0

Bethe-Yang

N

.

S—matrix

|




Thermodynamic Bethe Ansatz: diagonal

CFT  Luscher

Ground-state energy exactly ©

[Zamolodchikov]
Euclidian partition function:

Z(L, R) =pR_soo Tr(e  HIIE)
Z(L,R) =Ry e FOLIR(1 4 e~ AER)

Exchange space and Euclidian time

Z(L,R) =R-yoo Tr(e M) =p 57, e” PnlLIR

Dominant contribution: finite particle/hole density p, py:

E

2m

m

0

Bethe-Yang

N

.

S—matrix

|

L

| T R | | T | | T | y y
T T T T T T T T T T T

<o

P



Thermodynamic Bethe Ansatz: diagonal

CFT  Luscher Bethe-Yang

Ground-state energy exactly © :n \

[Zamolodchikov] <

.

S—matrix

|

m

0

Euclidian partition function: )

Z(L,R) =R_yoo Tr(e H(LE)
Z(La R) —R—o0 e_EO(L)R(l + e OF R) Te_H(L)R . :'

Exchange space and Euclidian time SR i ¢ HRIL )

Z(L, R) — R—00 Tr(e_H(R)L) —R— o0 Zn e_En(L)R
CCeCe 0000 00 V00 OO

Dominant contribution: finite particle/hole density p, py: L

E.(R) =3 ,E() — [ E(p)p(p)dp
piR+ >, 2109 S(pj,pr) = (2n+ 1)ir — R+ [(—idylog S(p,p"))p(p)dp = 27w (p + pr)



Thermodynamic Bethe Ansatz: diagonal

CFT  Luscher Bethe-Yang

Ground-state energy exactly © :n \

[Zamolodchikov] 3

.

|

S—matrix

m

0

Euclidian partition function: )

Z(L,R) =p_,oo Tr(e HILIR)
Z(La R) —R—0 e_EO(L)R(l + e OF R) Te_H(L)R . :'

Exchange space and Euclidian time P f SHRIL |

Z(L,R) =R Tr(e_H(R)L) =R—00 2n e~ En(L)R
OleCe 000000 OeC Co

Dominant contribution: finite particle/hole density p, py: L

E.(R) =3 ,E() — [ E(p)p(p)dp
piR+ >, 2109 S(pj,pr) = (2n+ 1)ir — R+ [(—idylog S(p,p"))p(p)dp = 2w (p + pr)

Z(L,R) = [d|p, py]le” LEE =] ((ptpn) In(otpp)—pIn p—ppIn pp)dp



Thermodynamic Bethe Ansatz: diagenal i

Ground-state energy exactly @ < \

.

[Zamolodchikov] " m ¥§
Euclidian partition function: 0 L |
Z(L,R) =p_,o Tr(e HLR) L
Z(L, R) =Rooo e~ PUIA(1 4 AL R) o
Exchange space and Euclidian time i\_,/ / ) __RY
Z(L, R) =Royoo Tr(e™ ML) =p_ o0 ¥y e PrlIIR 00808 e0ee 00 O8O Co
Dominant contribution: finite particle/hole density p, pj,: <m b

E.(R) =Y, E(pi)) — [ E(p)p(p)dp
piR+ > 3109 S(pj,pr) = (2n+ 1)ir  — R+ [(—idylog S(p,p'))p(p)dp = 27(p + p1)

Z(L,R) = [d|p, pyle” LEE =] ((ptpn) In(otpp)—pIn p—ppIn pp)dp

Saddle point : (p) = In 248 | «(p) = E(p)L + J Lidplog S, p) log(1 + e=<?))

Ground state energy exactly: | Eg(L) = — fg—g l0g(1 + e €(P)) | Lee-Yang, sh-G




Thermodynamic Bethe Ansatz: non-diagonal

Ground-state energy exactly © ——

[Tateo] §

Euclidian partition function:

Z(L,R) =R_soo € FOLIE(1 4 o~ AER)

Z(L,R) =g oo Tr(e HBLYy =5 . S e~ En(L)R

CFT  Luscher Bethe-Yang

E
2m

m

.

|

S—matrix

0

SHRIL
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Thermodynamic Bethe Ansatz: non-diagonal

Ground-state energy exactly © —
[Tateo] "

Euclidian partition function:

Z(L,R) =R_o, e FoLIR(1 4 ¢~ AER) [

Z(L,R) =p_soo Tr(e T HBLYy =, . S e~ En(L)R

Finite particle/hole 4+ Bethe root density p°, p?, pt, pt :

ZEQ++

0

o = —1

CFT  Luscher Bethe-Yang

E
2m

m

.

|

0

S—matrix

e—H(R) L

periodicity (TT /p

|
000000
e]fe
o0oo
00|00



Thermodynamic Bethe Ansatz: non-diagonal

Ground-state energy exactly © —
[Tateo] "

Euclidian partition function:

Z(L,R) =R_o, e FoLIR(1 4 ¢~ AER) [

Z(L,R) =p_soo Tr(e T HBLYy =, . S e~ En(L)R

Finite particle/hole 4+ Bethe root density p°, p?, pt, pt :

ZEQ++

0

o = —1

E.(R) =Y, E(pi) — [ E(p)p°(p)dp

RSZ + [ K (p, p)p"(p )dp = 27 (p™ + p")

CFT  Luscher Bethe-Yang

E
2m

m

.

|

0

S—matrix

e—H(R) L

periodicity (TT /p

|
000000
e]fe
o0oo
o0
00|00



Thermodynamic Bethe Ansatz: non-diagonal

CFT  Luscher Bethe-Yang

Ground-state energy exactly . > . \

[Tateo] .

.

m

S—matrix

|

0

Euclidian partition function: )

- . o HOLR
Z(L,R) =gy e FODIR(1 4 A R) L/ |
Z(L,R) =p_yoo Tr(e HWLY = 5~ e=En(L)R , g
. . [ ] periodicity ITT /
Finite particle/hole + Bethe root density po,pg,pz,p}z: S W op S
4t % ogo : 8 °
] 15 Q o o =
600 9 000050050500
<= 271
E,(R) =Y, E(p;) — [ E(p)p°(p)dp L

RSZ + [ K (p, p)p"(p )dp = 27 (p™ + p")

Z(L,R) = [d[p", p%}’L]e—LE(R)—Zif((pi-l-p%) In(pi4pi))—p' In pi—pt In pi )dp



Thermodynamic Bethe Ansatz: non-di [ cetrevers

> E
Ground-state energy exactly © ’ " &
[Tateo] m — ¢
Euclidian partition function: | t
SHOR /
Z(L, R) =Rso0 € FOLIE(1 4 e AER) L/ L
Z(L, R) —R—00 Tr(e_H(R)L) =R—00 2n e_En(L)R /e_H(R)L R
o periodicity TT /P
Finite particle/hole + Bethe root density p%, p?, p',pl: EO: . 0 E
T QT+ ? eCe % T e
etlPT Sl = —1, 0 =1 m | °
0|J T6|—Q__ [ o
0000 00000050500
E.(R) =3, E(pi) — [ E(®)p°(p)dp =

RS 4 [ K1 (p, p)p"(p)dp = 27 (p™ + o)
Z(L,R) = [d[p, pi]e  TPID=2 J (" +p},) In(p*+p}, ) —p" In p'—pj, In pj, )dp

Saddle point : () = —In 2% | ¢i(9) = 5~6E(p)L _ ng(p/,p) log(1 + e—ei(p’))dp/

0, (p)

Ground state energy exactly: | Eq(L) = — fgl—ﬁ log(1 + e—<0(0))qp




T hermodynamic Bethe Ansatz: excited diagonal

=~—_D

Excited state energy exactly

[an idea]
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T hermodynamic Bethe Ansatz: excited diagonal

~—

Excited state energy exactly

[an idea]

CFT  Luscher Bethe-Yang

TN N

S—matrix




Thermodynamic Bethe Ansatz:

~—

Excited state energy exactly

[an idea]

excited diago

CFT  Luscher

nal

Bethe-Yang

E
2m

m

[

|

0

S—matrix




T hermodynamic Bethe Ansatz: excited diagonal

CFT  Luscher Bethe-Yang

Excited state energy exactly c \

[an idea] >

[

m

|

0

S—matrix

Particles are like defects: )

Zy(L, R) =Rsoo Tr(e” MalE) :
Zy(L,R) =p_,o, e PalLIE(1 4 e~ AER) Te—Hu)R




T hermodynamic Bethe Ansatz: excited diagonal

CFT  Luscher Bethe-Yang

Excited state energy exactly c \

[an idea] >

[

m

|

0

S—matrix

Particles are like defects: )

Zg(L,R) =R _s00 Tr(e HalL)R) 2
Zy(L, R) =p_yoo e FalDIR(1 4 e~ AP R) foios
Particles are like defect operators ék,/

Zy(L,R) =p_yoo Tr(e T HWLDY =5 . S (n|D|n)eEn(L)R



T hermodynamic Bethe Ansatz: excited diagonal

CFT  Luscher Bethe-Yang

Excited state energy exactly c \

[an idea] >

[

|

S—matrix

m

0

Particles are like defects: )

Z4(L, R) =00 Tr(e HalLIR) g

Z4(L,R) =p_ o e BdlLIR(1 4 ¢~ AER) | oHUR ] y

Particles are like defect operators ik,/ f o HRIL j
_ - R:

Zy(L,R) =p_yoo Tr(e T HWLDY =5 . S (n|D|n)eEn(L)R



T hermodynamic Bethe Ansatz: excited diagonal

CFT  Luscher Bethe-Yang

Excited state energy exactly c \

[an idea] >

[

|

S—matrix

m

0

Particles are like defects: )

Z4(L, R) = R0 Tr(e HilDIR) » :
Z4(L,R) =p_yo, e~ Ea(LIR(1 4 o~ AER) f oHuR ] BN
Particles are like defect operators S | SHRL f R j

Zy(L,R) =p_yoo Tr(e T HWLDY =5 . S (n|D|n)eEn(L)R



T hermodynamic Bethe Ansatz: excited diagonal

CFT  Luscher Bethe-Yang

Excited state energy exactly c \

[

[an idea] R<—> i ¥§
Particles are like defects: / :
Za(L, R) =Rs00 Tr(e” HalLIF) g / /
Z4(L,R) =p_yo, e~ Ea(LIR(1 4 o~ AER) f oHuR ] BN
Particles are like defect operators S | SHRL f R ]

Zy(L,R) =p_yoo Tr(e  HBLDY =p S (n|D|n)e En(LIR
00000 0000000 080 Co

~2n p

Dominant contribution: finite particle/hole density p, pj,: L



T hermodynamic Bethe Ansatz: excited diagonal

CFT  Luscher Bethe-Yang

Excited state energy exactly c \

[an idea] >

[

|

S—matrix

m

0

Particles are like defects: )

Zg(L, R) =p-yo0 Tr(e HallIR) g / /
Z4(L,R) =p_yo, e~ Ea(LIR(1 4 o~ AER) f oHuR ] BN
Particles are like defect operators S | SHRL f R j

Zy(L,R) =p_yoo Tr(e  HBLDY =p S (n|D|n)e En(LIR
00000 0000000 080 Co

~2n p

Dominant contribution: finite particle/hole density p, pj,: L

E(p) — E(p) + 109 S(p, po)
piR+ >, 1109 S(pj,pr) = 2n+ 1)ir  — R+ [(—idylog S(p,p"))p(p)dp = 27(p + pn)



T hermodynamic Bethe Ansatz: excited diagonal

CFT  Luscher Bethe-Yang

Excited state energy exactly c \

[

[an idea] R<—> i ¥§
Particles are like defects: I :
Za(L, R) =00 Tr(e” HalLIR) & / /
Z4(L,R) =p_yo, e~ Ea(LIR(1 4 o~ AER) f oHuR . SN
Particles are like defect operators . | | SHRL f R ]

Z4(L,R) =R_yoo Tr(e HBLD) =5 . 5 (n|D[n)e=En(L)R
00000 000000 000 Co
=21 p

Dominant contribution: finite particle/hole density p, pj,: L

E(p) — E(p) + 109 S(p, po)
piR+ Y, 2109 S(pj,pr) = @2n+ 1)ir  — R+ [(—idylog S(p,p'))p(p)dp = 27(p + pn)

forbidden quantizations p(5g) + p,(5p) =0 — e <P =_1



Thermodynamic Bethe Ansatz: excited diagona), ...

Excited state energy exactly < T \

L

R =
[an idea] - ¥§
Particles are like defects:
Z4(L, R) =psng Tr(e= MR "° 5 B ’ \
Za(L, R) =R 00 € PaIR(1 + e~ BB R) | 1R o f | ]
PRSI Dbt B ® ~o S HRIL
Particles are like defect operators S
Zd(L7 R) — R—00 Tr(e_H(R)LD) — R—00 Zn<n|D|n>€_En(L) O0.0. 000000 00 Co
Dominant contribution: finite particle/hole density p, py: =B :

E(p) — E(p) + 109 S(p,po)
piR+ >, 2109 S(pj,pr) = 2n+ 1)ir  — R+ [(—idylog S(p,p'))p(p)dp = 27(p + pn)

forbidden quantizations p(5g) + p,(5p) =0 — e <P =_1

Saddle point : | ¢(p) = E(p)L + log S(p, 7o) + [ SLidplog S(p',p) log(1 + e—<(®))

Excited state energy exactly: | E;(L) = E(pg) — fg—ﬁ log(1 4+ e—€()) | sh-G




EXxcited states TBA, Y-system: diagonal

=~—_D

Excited states exactly
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EXxcited states TBA, Y-system: diagonal

~—

Excited states exactly

CFT  Luscher Bethe-Yang
\
E \

2m ——
25
@

m || [N | E— =
i




ExcCited states TBA, Y-system: diagonal ... e

Excited states exactly m \

.

|

iTt/2

S—matrix

By lattice regularization: sinh-Gordon [Teschner]

e(6) = mL coshé + /—ng log S(0 — 0 )log(1l+e 6(9/))

By (L) = - m/— cosh @ log(1 + e~

-



ExcCited states TBA, Y-system: diagonal ... e

Excited states exactly | m ]

iTt/2

By lattice regularization: sinh-Gordon [Teschner]

e(§) = mLcosh 6+ log S(6 — 6;) + /—zdg 09 S(0 — 0) log(1 + e—<(9))

By (L) = - m/— cosh @ log(1 + e~



ExcCited states TBA, Y-system: diagonal ... e

Excited states exactly | m ]

iTt/2

By lattice regularization: sinh-Gordon [Teschner]

e(§) = mLcosh 6+ log S(6 — 6;) + /—zdg 09 S(0 — 0) log(1 + e—<(9))

: db .
E{nj}(L) = ?Zsmh 0; — m/Z coshé log(1l + e (9))



ExcCited states TBA, Y-system: diagonal ... e

Excited states exactly | m ]

iTt/2

By lattice regularization: sinh-Gordon [Teschner]

e(§) = mLcosh 6+ log S(6 — 6;) + /—zdg 09 S(0 — 0) log(1 + e—<(9))

E{nj}(L) = %Zsinh 0; — m/% cosh 8 log(1 + 6—6(9)) , Y (0;) = e€0i) — _q



ExcCited states TBA, Y-system: diagonal ... e

Excited states exactly m \

.

|

i TU/2

S—matrix

By lattice regularization: sinh-Gordon [Teschner]

e(§) = mLcosh 6+ log S(6 — 6;) + /—zdg 09 S(0 — 0) log(1 + e—<(9))

E{nj}(L) = %Zsinh 0; — m/% cosh 8 log(1 + 6_6(0)) , Y (0;) = e€0i) — _q

in/6 ge0e0000000

By analytical continuation: Lee-Yang [P. Dorey Tateo] -6 g@ce000000®
/
e(0) = mL coshé + / —zde log S(0 — 6 ) log(1l +e¢ —e(0 ))
o db
E{nj}(L) = - m/ - cosh@ log(1l + e E(9))

Luscher corrections: differ by p term

-



ExcCited states TBA, Y-system: diagonal ... e

<~ n 2m \&
Excited states exactly ]

iTt/2

By lattice regularization: sinh-Gordon [Teschner]

e(§) = mLcosh 6+ log S(6 — 6;) + /—zdg 09 S(0 — 0) log(1 + e—<(9))

_ do . (0.
E{nj}(L) = %Zsmh 0; — m/Z coshf log(1l + e (9)) Y (0;) =e 9) — _1

in/6 ge0e0000000

By analytical continuation: Lee-Yang [P. Dorey Tateo] -6 99000000000
N
S0 — 0, d6’ /
e(§) = mLcosh6+ ) log ( ;1) +/ = idglog S(6 — 0 ) log(1 + e<(9))
= S0 — Hj) —00 27
oo d6
B, y(L) = - / °~ cosh 6 log(1 + =)

Luscher corrections: differ by p term



ExcCited states TBA, Y-system: diagonal ... e

<~ n 2m \&
Excited states exactly ]

iTt/2

By lattice regularization: sinh-Gordon [Teschner]

e(§) = mLcosh 6+ log S(6 — 6;) + /—zdg 09 S(0 — 0) log(1 + e—<(9))

_ do . (0.
E{nj}(L) = %Zsmh 0; — m/Z coshf log(1l + e (9)) Y (0;) =e 9) — _1

in/6 ge0e0000000

By analytical continuation: Lee-Yang [P. Dorey Tateo] -6 g@ce000000®

i S0 —0,) do' /
= - —e(0)
e(0) = mL cosh 6+ jzl log 560 + /_ o idglog S(0 — 6 Yiog(1 + e )

E{n]}(L) —sz(smh@ — sinh 6% )_m/OO d_@ cosh 6 log(1 + e~ 6(9))

Luscher corrections: differ by p term



2m

Excited states TBA, Y-system: dlagon‘:ﬂ—sf

Excited states exactly - . S |

0

L4

By lattice regularization: sinh-Gordon [Teschner]
e(9) = mLcosh 6+ > logS(6 —0;) + /—zde log S(0 — 6') log(1 + e (0 N

B,y (L) = ?Zsinh 0; — m/g cosh 6 log(1 4+ ey ; v (9,) = ) = —1

in/6 gece0000000

By analytical continuation: Lee-Yang [P.Dorey, Tateo] -6 e@cee000000
e(9) = mLcosh 6+ >  log 50 = 6;) _|_/ ﬁzd log S(6 — 6 ) log(1l + e 6(9/))
= s-0) o 0
E{nj}(L) —sz(smhe S|nh9 ) — m/ o cosh@ log(1l + e E(9))

Luscher corrections: differ by p term

S(O—-5)SO+5)=50)=Y(O+5)Y (O -5)=1+Y(6)

Y-system+-analyticity=TBA <> scalar . Matrix [Bazhanov,Lukyanov,Zamolodchikov]



EXxcited states TBA, Y-system: Non-diagonal

Excited states exactly
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EXxcited states TBA, Y-system: Non-diagonal

Excited states exactly

CFT  Luscher Bethe-Yang
\
E \

2m \
X
©

m || [N__ T =
N




EXxcited states TBA, Y-system: Non-diagonal

CFT = Luscher

Excited states exactly

E

2m

m

0

Bethe-Yang

N

.

|

S—matrix




EXxcited states TBA, Y-system: Non-diagonal

S—matrix

CET Luscher Bethe-Yang
E
. pn 2m &
Excited states exactly s e
® -0 o m
“ 13— E—
mp : v e 0
00000 00005000505 00 B
Y-system: sine-Gordon - "

Ye(0+ Z)Ys(0 -2 = (1 + Y 1)1+ Yer1) @—-O0—O0—0—0—O0—-0O— .

itpy  _imp ®-O0-0-0-0-0-C
(626_'_6 26) |OgY3:ZrIS7“IOg(1+YT) p+1



S—matrix

lO :
T oe "
m 78 Oe 0
£0000 0000000000 00— -
Y-system: sine-Gordon N P

Ye(0+ T2)Ys(0 — I = (1 4+ Vs 1)1+ Yir1) @—0O—0—O0-0-O0-O— .

imp _inp
(e294e 2% 10gYs =3, Isr10g(1 + Y;) A W

Excited states: analyticity from Luscher [Balog, Hegedus]



Excited states TBA, Y-system: Non-digagonal

er Bethe-Yang
E
. Pn 2m &
Excited states exactly ¢ mp
e -0

S—matrix

0 [ ]
et ——s— 7 —
m 78 Oe 0
L
£0000 00005000500 -
Y-system: sine-Gordon N P

Ys(0 + Z2)Ys(0 — Z2) = (1 + Ys_1)(1 + Yiy1)

ipg  _imp ®-0-0-0-0-0-C
(626"_6 28) |OgY8:ZTIST|Og(1+Yr) p+1

Lattice regularization:
[Destri,de Vega,Ravanini,...]




EXxcited states TBA, Y-system: Non-diagenalsde e

S—matrix

Pn ° periodicity TT /P 2m \&
Excited states exactly 2L ]
s ° e 0
—200°0 00000050, 00— -
Y-system: sine-Gordon - "
V(0 + Z2)Ye(0 — Z2) = (1 + Y5_1)(1 + Yoy 1)
/O p

ity _imp
(eZa—l—e 28)|09Ys=zrfsr|09(1+yr) O p+l

Lattice regularization:
[Destri,de Vega,Ravanini,...]

Z(0) = MLsinh 6 + source(0]{0;}) + 2Sm [ dzG(0 — x — i) log |1 — etZ(@Fie)]
source(0|{0,}) = —i> i log Sii(@ — 01.) kernel: G(0) = —idylog Sii(@)
Energy: E = M Y, cosh @, — 2MSm [ dxG(6 + i€) log [1 — eiZ(C‘H‘ie)}
Bethe-Yang ¢4(0k) = _1



Sine-Gordon/massive Thirring duality
m2
32

1
Lsg = S0,D0"P + 57 cos (BP) : 0 < B2 < 8,

9|
Semiclassical sine—-Gordon theory
+ loop corrections

\
Quantum sine—Gordon theory

| Finite size corrections

S — matrix, masses

strong-weak duality:

Massive Thirring model
A

9 — 4rm _ ptl
1+ 47

+ perturbative corrections 52 2p

Ly = V(ivd” +mg)W — %\TJ’YV\V\TJ%W

16



AdS/CFT duality: t' Hooft «+— Integrability in QCD: Feynman

'J'Fllf'n'll -"I:'- & 1" _” f_:,ﬂ_,-"'.ﬂ"fl';k-':};:t _':f.'l-.'_lr,'__f'_z \\

|‘|I ':;.jm—‘ ' "'|_-r.r"’f- .||IL'1'|_J_"£_I‘E‘II !m""i I":P X

W .ﬁ-ia‘ CrmA = SaeA e
e s L | 5
K Bothe Amaids Froks.
/Ak"'!" A Ju‘ﬂ.ﬂ.-" e Lﬁ'ﬁrﬂf A A5 “aep Hode |

R sl 1:514)1" }1% i 4 b | et i A

¥ :__
apioe
[ e
=

| i '-"';-11 Linean flrasmead Hrd

Amefcan Institut

(3 £ = s
' I Richard Feynman
G — AL 7
e (1918-1988)

A

€ Copyright California Institute of Technology. ATl rights reserved.
Commercial use or modification of this malerial is prohibited.

1965
QED:

Feynman graphs
What I cannot create I do not understand.

To learn: Bethe Ansatz Probs., +— Kondo, 2D

Hall, accel temp, Non linear classical Hydro

Strong interaction?
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CFT: maximally supersymmetric gauge theory

Feynman: If you want to learn about nature, to appreciate nature, it is necessary to under-

stand the language she speaks in.

Fundamental interactions: gauge theory

Coupling

non-perturbative
no analytical tool

SU(3)

interaction particles gauge theory
electromagnetic photon-electron U(1)

electroweak W=,Z pu,v+Higgs | SU(2) x U(1)
strong gluon4quarks SU(3)

)

strong force

only analytical tool: perturbation theory

Energy
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CFT: maximally supersymmetric gauge theory

Feynman: If you want to learn about nature, to appreciate nature, it is necessary to under-

stand the language she speaks in.

Fundamental interactions: gauge theory

Coupling

non—perturbative
no analytical tool

interaction particles

SU@®)

gauge theory

electromagnetic photon-electron

U(1)

strong force

electroweak W=*,Z u,v+Higgs

SU(2) x U(1)

—_SU@

L u@) perturbative

strong gluon+quarks

SU(3)

Energy

only analytical tool: perturbation theory
maximally supersymmetric gauge theory

(harmonic oscillator)

interaction particles

gauge theory

N = 4 supersymm.

gluon+quarks-scalars

SU(N)

all fields N© — 1 component matrix

Wi234
/! N\
Ay

N\ /!

W1,2,3,4 o
L= 2 [d%Tr [-3F? — 5(DP)> +iVPW + V]

YM

V(P, W) = 2 [P, P2 + W[D, V]

P123456

no running 3 =0 — CFT

no confinement

supersymmetric

heavy ion collision:

finite T — SUSY is broken

quark-gluon plasma is not confined




CFT: Observables

maximally supersymmetric gauge theory

Wi234

A P123456 fields SU(N) matrices
W1234

S= 2 [d*Tr [-3F?

V(P W) =

2(DP)2 + WPV + V]
2@, D)2 + W[, V]

correlators: (O1(x)0>(0))

2 ) )
9y m

9y M 9y M
partition func.
(t" Hooft)
AL T - L‘
S

=7

(2)O02(0) =

. = [[dA..]e 0
perturbation: s @
N

observables

parameters: gy, NV
observables: partition function
gauge-invariant operators
O(z) = Tr(ALiwl2pls ) det()
correlators: (O1(x1)...On(zn))

(01(2)02(0)e™"

genus exp.

2 3 — n72 — 2
9y N = N“A , A= gy N

Z(A %) = N2Y,()%9%,alg,n)\" string interactions?

L
L
|
[
I

I

w%%%%%%%%
V%%%%%%%%
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AdS: string theory on Anti de Sitter

positively curved space

PN
B N RANS

0 - A
! g o \ 1 _1{,
5 - v




AdS: string theory on Anti de Sitter

positively curved space Anti de Sitter: negatively curved space




AdS: string theory on Anti de Sitter

positively curved space Anti de Sitter: negatively curved space




AdS: string theory on Anti de Sitter

positively curved space Anti de Sitter: negatively curved space

- 4 !
i NEART (i
w \n/‘sl
[ " TC i
: ) #
X(1)
relativistic point particle: ds® = —dx3 + dz% + . ..
S o worldline < [ds = [ Vx - xdr X,




AdS: string theory on Anti de Sitter

positively curved space Anti de Sitter: negatively curved space

T T T3

1V NPARE 1

)

[ " T i
: ) a
X(1)
relativistic point particle: ds® = —dx3 + dz% + . ..
S o worldline < [ds = [ Vx - xdr X,
X1
relativistic string: ds? = —dz3 + dz% + ... %
S o worldsheet o [ dA = [ /(i - /)2 — #22/%drdo a
X2 7




AdS: string theory on Anti de Sitter

positively curved space Anti de Sitter: negatively curved space

A T T T3
LT 3 w\fiiéwﬁ/q-
T
+ . " TC AT
o : J v
relativistic point particle: ds® = —dx3 + dz% + . ..
S o« worldline < [ds = [V - xdT

x(T)

relativistic string: ds? = —dz3 + dz$ + ...
S o worldsheet o [ dA = [ /(i - /)2 — #22/%drdo

S° Y24+ Y24+ Y2+ Y2+ Y2+ Y2 =R?

—
AdSs - X2+ X?24+ X34+ X324+ X2 — X2 =—R? -

S = R,2 [ dZi‘j ((%,XM@CLXM - 8aYM8aYM) + fermions
(8

X(T,0)

supercoset PSU(2,2|4)

SO(5)xS0(1,4)



AdS/CFT correspondence (Maldacena 1998)

Il superstrlng on AdSs x S?
L ASISISISIS,
5D sphere N p— 4 D:4 SU(N) SYM
._b '5D '
Lé) antsl ';jaecgltter 1 . o
2= — V(P, W) = [P, ]% + W[, V]
— - PSU(2,2|4)
o = B = 0 superconformal SO0 3xSO(1,4)
extra dimension gaugelnvarlants O Tr(q) ) det( )
S%v2 = R2 —++++-=-R?
B[22 (0, XM Xar + 0.Y M0V ) + . ..
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AdS/CFT correspondence (Maldacena 1998)

II5 superstring on AdSs x S°
A SISISISIS
5D sphere N p— 4 D:4 SU(N) SYM
= D
'—2) antsl ';jaecgltter -
?g B 2 [ d*aTr [3F? = 3(D®P)? +iVPw + V]
r— = V(P W) = L[, d]2 + V[P, V]
== PSU(2,2|4)
= 8 = 0 superconformal < 2)><Sb(1 7y
"M oxva dimension gaugeinvariants:© = Tr(®2), det( )
Do W = I - +++4+-=-R?
B [ 4297 (0, XM X0 + 0.Y M0 Yur) + ...
Dictionary
Coupl.: VA=1L7 g;=42 >0 A=gyy N, N— oo SIELE
(@87
oD QFT strong<s>weak (On(2)0m(0)) = 1520
String energy levels: E()\) 4 Anomalous dim A ()
E(A):E(oo)—l—%—l—%—l—... AN) = A0) + XA+ X200+ ...




AdS/CFT correspondence (Maldacena 1998)

II; superstring on AdSs x S°

A SISISISIS
5D sphere N p— 4 D:4 SU(N) SYM
> 5D _
'—2) antsl ';j:cgltter ) ) o
%:%) _ 7 [ d*aTr [ F? = 3(D®) tleDW+V}
i — — V(P, V) = 2[P, P2 4+ V[P, V]
= _ PSU(2,2|4)
> = B = 0 superconformal SO(gst(l’@
" [ exra dimension gaugeinvariants:O = Tr(®<), det( )
SOV2P=R? -4 +++-—=-R
B [ 4292 (9, XM X pr + 0.Y M0Yr) + . ..
. Dictionary
Coupl.: \/XZR—,, 932%—)0 A—QYMN N — o0 ?Ianar
(@8
oD QFT strong<«sweak (On(z)Om(0)) = 2AnC)
String energy levels: E()\) J Anomalous dim A()\)

E(\) = E(co) + 4+ 2+ ...

2D integrable QFT

AN = A0) + AA1 + N2As + ...

spectrum: Q =1,2,...

,00 dispersion: eq(p)
Exact scattering matrix: Sg.qo,(p1,p2, A)

2

p
2sm 5

Y




Motivation: AdS/CFT
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Motivation: AdS/CFT

Classical string theory /j
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Motivation: AdS/CFT

Semiclassical string theory

+ string loop corrections

Quantum String theory




Motivation: AdS/CFT

Classical string theory

o) I — —
.
H Semiclassical string theory J

\ + string loop corrections

Quantum String theory
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Classical string theory

\ Semiclassical string theory ]

\ + string loop corrections

Quantum String theory

Nonperturbative gauge theory

+ gauge loop corrections
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Quantum String theory
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Motivation: AdS/CFT

Classical string theory

g
6// Semiclassical string theory

‘ + string loop corrections

Quantum String theory

Nonperturbative gauge theory

+ gauge loop corrections




Motivation: AdS/CFT

Classical string theory

gl
6 Semiclassical string theory

\ + string loop corrections

Quantum String theory

Nonperturbative gauge theory

+ gauge loop corrections

Need finite J (volume) solution of the spectral problem



Classical integrability: AdS [ |

g

2
+ string loop corrections < «
@ E-3
Iz =
< o =
Quantum String theory % |

S——— =
(%)

i g

Nonperturbative gauge theory &

<

| + gauge loop corrections

AdS o model target - ;

L= Z—,Q ((%XM@C”XM + aaYMaaYM) + fermaions

23



Classical integrability: AdS

)

AdS o model = target -

L= Z—,Q ((%XM@C”XM + 8aYM8aYM) + fermaions

Classical solutions are found, for example magnon:




Classical integrability: AdS

AdS o model ll target -

L= Z—,Q ((%XM@C‘XM + (%YM(‘?“YM) + fermaions

Classical solutions are found, for example magnon:

Coset NLo model: g € SOP(Z({%?S%E)) J =g ldg = ‘]H + J|

Z4 9graded structure: [Metsaev, Tseytlin 03]

J| —,J1,J0,J3 L ox STr(Jo A xJp) —STr(Jy A J3)



Classical integrability: AdS

AdS o model =——— . target -

L = 8aXM(9aXM -+ 8aYM8aYM + fermaions

Oé

Classical solutions are found, for example magnon:

Coset NLo model: g € SOp(iqgi’égg) J =g ldg = ‘]Il + J|

Z 4 9graded structure: [Metsaev, Tseytlin 03]

Integrability from flat connection: dA—-— AANA =0
A(p) =Jo+u I+ w2+ p2)J2/2 4+ (w2 4+ p2)J2/2 + pJ3

Conserved charges from the trace of the monodromy matrix —

T(p) =Pexpé$ A(z)udxt S
N
No proof of quantum integrability: let us assume it! e




Bootstrap program: AdS —

Nondiagonal scattering: | S-matrix = scalar . Matrix g
Nonperturbative gauge theory 5

24



Bootstrap program: AdS
Nondiagonal scattering: | S-matrix = scalar . Matrix

Perturbative spectrum: 8 boson 4+ 8 fermion
global symmetry PSU(2|2)?

b1 bi

bo b-

— Il 2

Q reps 1 ® f
fa fa

AQ

1S, A@Q)] =0 @

/

A(Q)




Bootstrap program: AdS

Nondiagonal scattering: | S-matrix = scalar . Matrix

Perturbative spectrum: 8 bo?oln + 8 fermion
global symmetry PSU(2|2)2 A c:l R
b1 bi S P,
bo bs : : .. A ... . . . ¢ . . —c
| ® 13 S 1 d . e . . . . . .
f4 f4 . . ) . . . .ood o .. . . e

SO TR R
e =c Lt

QQ =1 reps




Bootstrap program: AdS

Nondiagonal scattering:

S-matrix = scalar .

Matrix

Perturbative spectrum: 8 bo
global symmetry PSU(2|2)2

&

b1 bi
— b2 bs
Y= L ke f2 | © f3
fa fa
\ A@Q /
1S, A(Q)] =0
2Q \
Unitarity

S(21,22)S(20,21) =1

Crossing symmetry [Janik] [Volin]

S(z1,22) = S8 (22, 21 + w2)

11 _
Sll _

oln + 8 fermion

A . —b
A

b . .d .
... A
Y

—h . h
. Foo
: :

L == e’LQQ(Zl ,29)
u1—uo—+1

u = % cot£E(p)

i . . B .
Y

[Beisert,Eden,Staudacher]
p=2am(z)



Bootstrap program: AdS
Nondiagonal scattering: | S-matrix = scalar . Matrix
Perturbative spectrum: 8 boﬁdn j— 3 ferm_ig)n- . o
global symmetry PSU(2[2)2| - . a4 . . . . . e e
b1 b S S R
;3 ;3 L d e .
4 a4 . . . . . . .
\ 5@ / : ! f ’ g : S . :
C h h N B
1S, A(Q)] = / g ~h 5oL Y B
. . A@Q) \ \ . . . CL)
Unitarity

11 _ uz—up—t _326(21,22)
511 = ug—upFi°

u = 2 cotLE(p)

S(21,22)S8(22,21) =1
Crossing symmetry [Janik] [Volin]

S(z1,22) = S8 (22, 21 + w2)

Q 1

Q+1
0 Physical domain

Maximal analyticity:
boundstates atyp symrep: Q € N
anomalous thresholds 1
[N.Dorey,Maldacena,Hofman,Okamura]

= 2am(z)

[Beisert,Eden,Staudacher]

w2

w,/2

-wq/2

Wq/2




Bethe-Yang=Asymptotic Bethe Ansatz

=~_D

. . n [ Semiclassical string theory
I:I n Ite VOI u me Spectru m \+string|oopc0rrections
Quantum String theory

Nonperturbative gauge theory

+ gauge loop corrections

Asymptotic Bethe Ansatz
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Bethe-Yang=Asymptotic Bethe Ansatz

=~_D

Finite volume spectrum

Infinite volume spectrum:
E(p1,...,pn) = i E(p;) E(p) = /14 (4gsinB)?  p; € [-7,7]




Bethe-Yang=Asymptotic Bethe Ansatz

=~_DP

Finite volume spectrum

Infinite volume spectrum:
E(p1,.-.,pn) = L E(p;) E(p) = /14 (4gsin)?  p; € [-m,7]

Polynomial volume corrections:

Asymptotic Bethe Ansatz; p;, quantized, . Pr
e?ilS(pi,p1)...S(j,pn)W = -V S(0) = —P m




Bethe-Yang=Asymptotic Bethe Ansatz

=~_D

Finite volume spectrum

Infinite volume spectrum:
E(p1,...,pn) = i E(p;) E(p) = /14 (4gsinB)?  p; € [-7,7]

Polynomial volume corrections:

Asymptotic Bethe Ansatz; p;, quantized, . Pr
GijLS(pj,pl) .. .S(pj,pn)\lf = -V S(O) =—P m

2 cni - Lp; o2 QF T (uyp :
Inhomogenous Hubbard< spin-chain: e"“PiSg(u;) Q‘L_(u?)T(uj)T(uj) = -1
4 J




Bethe-Yang=Asymptotic Bethe Ansatz

~_DP

Finite volume spectrum

Infinite volume spectrum: :
E(p1,...,pn) = X B(p;) E(p) =/1+ (4gsinB)?  p; € [-m,7]

Polynomial volume corrections:

Asymptotic Bethe Ansatz; p; quantized, . Pr
€ijLS(pj,p1) 5 o .S(pj,pn)w = -V S(O) — _P m

2 cni : Lp; o2 QF T (uy) :
Inhomogenous Hubbard< spin-chain: e“PiSg(u;) Q‘L_(u7)T(uj)T(uj) = -1
4 J

BiBFR, P [z @F Rr,“of | oftor BIfMer

- — — = —< = — — [Beisert,Staudacher]
Bf B3R, | @Q3  Rr;Mo; T @07 B of

T(u) =

Qj(w) = —R;(w)B;(u) and RV =T[, == B =L 2=



Bethe-Yang=Asymptotic Bethe Ansatz

=~—_DP

Finite volume spectrum

Infinite volume spectrum:
E(p1;.--.,pn) = X E(p;) E(p) = /1 + (4gsin})?

Polynomial volume corrections:

Asymptotic Bethe Ansatz; p; quantized, . n
€ijLS(pj7p1) .- S(pj7pn)w = —WV S(O) — —P ‘ i

> . . L0 oD Q++(u-) :
Inhomogenous Hubbard< spin-chain: e"“PiSg(u;) Q‘L_(u?)T(uj)T(uj) = -1
4 j

— — —— —(= — +(+) -
BiBY R, D Qm0f RS QF L @3ter B Ta

iy g — — —= > 1+ - — — [Beisert,Staudacher]
BB R, | Q@5 r,o; T @0 B Oof

T(u) =

1 _ 7
'rjk

+ (=) AN N + ()
Bethe Ansatz: 24|y =1 92 Q1% ), — 1“2 4, —
QQ B4 QQ Ql Q3 QQ R4



Thermodynamic Bethe Ansatz: AdS

]l
Ground-state energy exactly © — ] [
[Bombardelli, Tateo,Fioravanti, Frolov,Arutyunov, i : ’
Gromov,Kazakov,Viera,Kozak] <
Euclidien E2 + (4gsin£)2 = 1 partition function:

Z(L,R) =p_,o, e Fo(L)E(1 4 ¢~ AER) s

Z(L, R) =poyoo THe HDL) =g, o 5, e En(DE ) o
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Thermodynamic Bethe Ansatz: AdS

gl

Ground-state energy exactly © — 3

[Bombardelli, Tateo,Fioravanti,Frolov,Arutyunov,
Gromov,Kazakov,Viera,Kozak]

Euclidien E2 + (4gsin£)2 = 1 partition function:

Asymptotic Bethe Ansatz

Z(L,R) =p_,, e~ FO(L)R(1 4 ¢~ AER) [N
L D L
Z(L,R) =p_,oo Tr(e—ﬁ(R)L) =p e e—En(L)R , g
Finite particle/hole + Bethe root density pQ,pg,pi,p%Z o . "°pe”°‘“°“y‘
[ ® O O [



Thermodynamic Bethe Ansatz: AdS

gl

Ground-state energy exactly © — 3

[Bombardelli, Tateo,Fioravanti,Frolov,Arutyunov,
Gromov,Kazakov,Viera,Kozak]

Euclidien E2 + (4gsin£)2 = 1 partition function:

Asymptotic Bethe Ansatz

Z(L,R) =p_,, e~ FO(L)R(1 4 ¢~ AER) [N

L D L
Z(L,R) =p_,oo Tr(e—ﬁ(R)L) =p e e—En(L)R , g
Finite particje/hole + Bethe root density pQ,pg,pi,p%Z o . "°pe”°‘“°“y‘
En(R) =32, 0 EQ(@i) — Yo [ Eo()p“(D)dp e e O O o

QIR _
@R =

eilpG2@ |, = _1 LB g @ Ql0d

0Q, Q,B{" ‘1 Q3TQ; Qs 1

2= -1

o0 0
L N
O
O
o0

[ KB, 7)o" (B )dp = 2m(p™ + pi)



Thermodynamic Bethe Ansatz: AdS

gl
Ground-state energy exactly © — e
[Bombardelli, Tateo, Fioravanti,Frolov,Arutyunov, S :
Gromov,Kazakov,Viera,Kozak] 5
Euclidien E2 + (4gsin£)2 = 1 partition function:

Z(L.R) = e~ Fo(L)R(1 4 ~AER feron . ;
(L, R) =Rosoc ( ) ) ) |
_ ~A(R)LY — —En(L |
Z(L,R) =R 00 Tr(e () ) =R 00 2n€ n(L)R fe‘H(R’L )
Finite particle/hole + Bethe root density pQ,pg,pi,p%Z o . "°pe”°‘“°“y‘
En(R) =3, o Eo(Bi) = Yo | Eq(P)p?(P)dp e © O O °
; P +BO, QTQT, I e R
ST = -1 S8, =1 GGG = 1 i), = OO0 e SeegOReDees
o L [
o

[ KB, 7)o" (B )dp = 27 (p™ + pi*)

Z(L,R) = fd[pi p%]e_LE(R)_Zif((pi-i_pZ)In(ﬂ"‘ﬂi)—pi|npi—p2|np2)dp



Thermodynamic Bethe Ansatz: AdS

© S—
Ground-state energy exactly R

EBom bardelli, Tateo,Fioravanti
romov, Kazakov, Viera,Kozak]

Euclidien E2 4 (4gsin5)? = 1 partition function:

Frolov,Arutyunov,

Asymptotic Bethe Ansatz

Z(L,R) =Ry e FOLIR(1 4 e~ AER)

Finite particle/hole + Bethe root density pQ,pg,pi,p':
En(R) = Y, 0 Bo(B) = Yo J Bo(®)o?(5)dp

g . (=) —— =)
el P, = 1 LB =1 QN 1 QR 160050 000050050060

0Q, Q;B{" QITQ;Q; Q; RV

>
[ N N J

[ KB, 7)o" (B )dp = 27 (p™ + pi)

Z(L,R) = [ dlp, pi.]e “FP=2J (@ 4a) n(e+a)—o'in g, n p,)dp

Saddle point : ¢(5) = -2 | &1(0) = 6,Eq(F)L — [ KI(5,7)109(1 4 e~ ®))dp

p;, (D)

Ground state energy exactly: | Eg(L) = — ZQfg—f; log(1 + e_EQ(ﬁ))dﬁ




EXxcited states TBA, Y-system: AdS

Semiclassical string theory

. pn . .
Excited states exactly [

Nonperturbative gauge theory

+ gauge loop corrections
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EXxcited states TBA, Y-system: AdS

Excited states exactly

® 00
[ X )
O
O
[ X )
Asymptotic Bethe Ansatz

[ X N J
[ X ]
O

O

Y-system: AdS [Gromov,Kazakov,Viera]

Ya,s(04+5)Yas(0—3) _ (14+Yqs-1)(1+Yq 541)
Ya—l—l,sYa—l,S (1+Ya—|—1,s)(1+Ya—1,s)




Excited states TBA, Y-system: AdS

Excited states exactly

Asymptotic Bethe Ansatz

Y-system: AdS [Gromov,Kazakov,Viera]

Ya,S(Q‘I‘%)Ya,S(@—%) — (1+Ya,s—1)(1+Ya,s+1)
Ya—l—l,sYa—l,S (1+Ya—|—1,s)(1+Ya—1,s)

Excited states TBA: analyticity from Luscher [Gromov,Kazakov,Kozak,Viera,Arutyunov,
Frolov,Suzuki]

Quantum spectral curve formulations:

find Py pyp a,b = 1..4 which satisfy:

Py = —papX*°Pe | figh — tap = PaPy — PaPy

with given asymptotics and cut structure




Excited states TBA, Y-system: AdS

Excited states exactly

no periodicity

Asymptotic Bethe Ansatz

Y-system: AdS [Gromov,Kazakov,Viera]

Ya,S(Q‘I‘%)Ya,S(@—%) — (1+Ya,s—1)(1+Ya,s+1)
Ya—l—l,sYa—l,s (1+Ya—|—1,s)(1+Ya—l,s)

Excited states TBA: analyticity from Luscher [Gromov,Kazakov,Kozak,Viera,Arutyunov,
Frolov,Suzuki]

Quantum spectral curve formulations: P : H

find Py, puy, a,b = 1..4 which satisfy:

Py = —papX*°Pe | figh — Hap = PaPy — PaPy

with given asymptotics and cut structure _2g 29 ~2g 29

Lattice regularization: 7




Konishi scaling dimension

CFT 2pt function: (0;(z)0;(0)) = MTQ% scaling dimension: A;
Konishi op. Ok = Tr(®?)
A =2+ 12g2 — 48¢% + 33645+
loop 4 5 §) 4 3 9
A 96(—26 + 6(3 —96(—158 — 73(3+
—15(s) 54¢5 4 90¢s — 315¢7)
gauge [Fiamberti,Sieg, [Eden, Heslop,
A. Santambrogio, Korchemsky, [Smirnov 7]
Zanon 08] Smirnov,
[Velizhanin09] Sokatchev 12]
Luscher [Bajnok, [Bajnok,Hegedus, [Bajnok,
Janik 08] Janik,Lukowski 09] Janik 12]
TBA [Kazakov, Gromov, [Balog,
Vieira 09] Heged(is 10]
FINLIE [Leurent, Serban, Volin 12] [Leurent, [Volin 1
Volin 13]
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